Polycrystalline sample of superconducting ThIr 3 was obtained by arc-melting Th and Ir metals. Powder x-ray diffraction revealed that the compound crystalizes in a rhombohedral crystal structure (R-3m, s.g. #166) with the lattice parameters: a = 5.3414(2) Å and c = 26.432(1) Å. Normal and superconducting states were studied by magnetic susceptibility, electrical resistivity and heat capacity measurements. The results showed that ThIr 3 is a type II superconductor (Ginzburg-Landau parameter κ = 33) with the critical temperature T c = 4.41 K. The heat capacity data yielded the Sommerfeld coefficient γ = 17.6 mJ mol -1 K -2 and the Debye temperature Θ D = 169 K. The ratio ΔC/(γT c ) = 1.6, where ΔC stands for the specific heat jump at T c , and the electron-phonon coupling constant λ e-p = 0.74 suggest that ThIr 3 is a moderate-strength superconductor. The experimental studies were supplemented by band structure calculations, which indicated that the superconductivity in ThIr 3 is governed mainly by 5d states of iridium. The significantly smaller band-structure value of Sommerfeld coefficient as well as the experimentally observed quadratic temperature dependence of resistivity and enhanced magnetic susceptibility suggest presence of electronic interactions in the system, which compete with superconductivity.
Introduction
Since the discovery of superconductivity over a century ago, the investigation of superconductors is still one of the most attractive topics in the condensed matter physics.
Despite the fact that several distinct superconducting families have been found and studied thoroughly in hope of understanding various Cooper pairing mechanisms, new findings still emerge even from simple, binary intermetallic systems. In this respect, materials bearing dand f-electrons are particularly intriguing, since their electronic properties are often dominated by strong spin-orbit coupling [1] . Recently, a homologous series RE 2m+n T 4m+5n , where RE is a light lanthanide metal, and T is a transition metal Ir or Rh has attracted a lot of attention [2] [3] [4] [5] [6] [7] [8] . The latter compounds constitute an important class of materials exhibiting a variety of physical phenomena, like superconductivity and different types of magnetic ordering [5] [6] [7] [8] [9] [10] [11] [12] . RE 2m+n T 4m+5n compounds crystallize with a centrosymmetric rhombohedral structure (space group R-3m) of the PuNi 3 -type, build of m MgCu 2 -type blocks and n CaCu 5type blocks. Amidst m = n = 1 representatives, superconductivity was found in LaIr 3 and CeIr 3 below T c of 3.5 K and 2.5 K, respectively [5] [6] [7] . In the latter compound, Ce ions exhibit a strongly intermediate valence character. In turn, in NdIr 3 a ferromagnetic ground state was observed with the Curie temperature T C = 10.6 K [8] .
Recently, we succeeded in synthesizing the actinoid-bearing representative of the RE 2m+n T 4m+5n family, viz. ThIr 3 , which was briefly communicated by Geballe et al. [9] to be a superconductor with T c = 4.71 K. Though the latter report was published over 50 years ago, to the best of our knowledge, no detailed studies have been performed as yet, aimed at determining the superconducting parameters of that compound.
In this paper, we report on the preparation of polycrystalline sample of ThIr 3 and our exhaustive investigation of its electronic properties by means of dc magnetization, electrical resistivity and heat capacity measurements. The experimental data are supplemented by the results of electronic band structure calculations.
Experimental and calculation details
Polycrystalline sample of ThIr 3 was prepared by arc-melting stoichiometric mixture of pure elements (purity: Th-99.7 wt.%, Ir -99.9 wt.%) under high-purity argon atmosphere using an arc furnace installed inside a Braun glove-box with controlled oxygen and moisture contents. To promote homogeneity, the button was turned over and remelted several times.
Final mass loss was less than 1%. The product was stable against air and moisture, hard, and grey in color.
The crystal structure and phase purity of the sample was checked at room temperature by powder X-ray diffraction (pXRD) using a PANalytical diffractometer equipped with Cu Kα radiation. The data were analyzed by the Rietveld method implemented in the FullProf package [13] . The crystal structure was drawn using the VESTA software [14] .
A Quantum Design Dynacool Physical Property Measurement System (PPMS) with a vibrating sample magnetometer (VSM) and a Quantum Design Magnetic Property
Measurement System (MPMS-XL) were used to measure the magnetic properties of the sample. The temperature dependencies of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility (defined as dM/dH, where M is the magnetization and H is the applied field strength) were measured in an external magnetic field of 20 Oe. Furthermore, the magnetic field variations of the ZFC magnetization were measured at various temperatures in the superconducting state. In addition, the temperature dependence of dM/dH was determined in the normal state at temperatures up to 400 K in a magnetic field of 5 kOe. Electrical resistivity and heat capacity measurements were carried out in the temperature interval 0.4 -300 K using a Quantum Design PPMS platform equipped with a Helium-3 refrigerator.
Temperature-and magnetic field-dependent electrical transport measurements were made using a standard four-probe technique, in which Pt wires were attached to the polished sample using conductive silver epoxy Epotek H20E. For the heat capacity measurements, a standard relaxation technique was used. The data were collected in zero magnetic field and magnetic fields up to 60 kOe.
Electronic structure calculations were undertaken to study the origin of electronic states building the Fermi surface of ThIr 3 , to investigate the behavior of 5f states of Th and to calculate the band-structure values of the Sommerfeld coefficient and the Pauli paramagnetic susceptibility. We used the Quantum Espresso package [12, 13] , based on pseudopotential and plane-waves methods, with Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) ultrasoft pseudopotentials and the Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) for the exchange-correlation potential [17] . Wave function and charge density cutoff energies were set to 60 and 600 Ry, respectively. The lattice parameters and the atomic positions were optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm implemented in the Quantum Espresso package. The theoretical values of the rhombohedral lattice parameters a and c were found slightly smaller than the experimental ones, namely by -0.28 % and -0.75 %, respectively. To investigate the relativistic effects, two types of calculations were performed: scalar-relativistic and fully-relativistic with spin orbit coupling (SOC) effect considered for both Th and Ir atoms.
Results and discussion

Crystal structure
The pXRD pattern of ThIr 3 together with its Rietveld fitting profile and the Bragg positions are shown in Figure 1 . The data pointed out rather good quality of the sample examined, although a small amount of ThO 2 (less than 1% wt.) was detected as an impurity.
An anisotropic broadening of reflections was observed, with the (00l) reflections being noticeably broader than expected. An anisotropic strain model was introduced in the refinement, which led to a significant increase of the fit quality (χ 2 reduced from 11 to 6.5).
The crystallographic and refinement parameters are listed in Table atom and the other one is centered at Ir(3b) atom. In turn, Th(3a) atom has six Ir(6c) atoms as its nearest neighbors located at a distance of 3.08 Å. Similarly, Th(6c) atom has six Ir(18h) atoms as the nearest neighbors with Th(6c)-Ir(18h) distance equal to 3.06 Å. In both cases Ir atoms are organized into hexagons, in-plane and out-of-plane, for Th(3a) and Th(6c) environment, respectively (see Figure 1 ).
Superconducting properties
The main panel of Figure 2 shows the low-temperature magnetic susceptibility (χ) of In order to determine the lower critical field of ThIr 3 , the magnetization was measured as a function of magnetic field at several temperatures below the superconducting transition temperature T c (see Figure 3 (a)). For each temperature, the experimental data obtained in small magnetic fields were fitted using the proportionality M fit = -pH, appropriate for a full shielding effect. Comparing the value of prefactor p derived from the isotherm taken at T = 1.7 K with the ideal diamagnetism quantified as , the demagnetization factor N = 0.55 was found, fairly consistent with shape of the sample used in the magnetic measurements. In the next step, from the plot of the difference M M fit versus H (see Figure 3(b) ), the values of the lower critical field were extracted for each temperature (note the black dashed line), as displayed in Figure 3(c) . The so-obtained data points were analyzed with the expression: Remarkably, the critical temperature obtained from this analysis is very close to T c derived from the magnetic susceptibility measurements, as well as the values derived from the electrical resistivity and heat capacity data (see below), thus proving the correctness of the approach applied.
The superconducting transition for ThIr 3 was further characterized through temperature and magnetic field dependent measurements of the electrical resistivity. As can be inferred from the main panel of Figure 4(a) , the normal-state resistivity reveals metallic behavior (dρ/dT> 0), although the residual resistivity ratio RRR= ρ(300K)/ρ(5K) = 1.6 is rather small. The latter feature can be attributed to polycrystalline nature of the sample investigated that probably contained many macroscopic defects. The observed strongly curvilinear character of ρ(T) may originate from sizable contribution of Mott-type interband scattering processes to the electrical conduction in ThIr 3 [21] [22] [23] . The onset of the superconducting state manifests itself as a sharp drop in the resistivity down to zero. The critical temperature defined as a 90% decrease of the resistivity with respect to its normal state value amounts to T c = 4.4 K, in good agreement with the magnetic susceptibility data. In applied magnetic fields, the width of the superconducting transition slightly increases and T c systematically shifts to lower temperature with increasing the field strength (see the inset to According to the Werthamer-Helfand-Hohenberg (WHH) approach [24, 25] , the orbital upper critical field at 0 K in a single-band type-II BCS superconductor can be estimated from the formula
where A is the purity factor given by 0.693for the dirty and 0.73 for the clean limit. , where Ф 0 = hc/2e is the quantum flux. This way, we found for ThIr 3 the value ξ GL = 83 Å within the dirty limit scenario. In the next step, from the relation
we estimated the superconducting penetration depth λ GL = 3150 Å. The so-obtained parameters yielded the Ginzburg-Landau parameter = λ GL /ξ GL = 38 corroborating that 
where the first term is the residual resistivity due to crystal defects and the second one accounts for electron-electron scattering processes [26, 27] . The least-squares fitting of Eq. 5
to the experimental data in the range 3-7 K yielded the parameters: ρ 0 = 164.86(1) µΩcm and
The results of low-temperature heat capacity measurements are summarized in Figure   5 . The zero-field raw data displayed in the panels (a) and (c) were corrected for the impurity contribution due to 1% wt. of ThO 2 , based on the specific heat data of the latter material, reported by Magnani et al. [28] . The pronounced sharp anomaly in C/T(T) confirms bulk nature of the superconductivity in ThIr 3 . From the equal entropy construction shown in Figure 5(a) , which reflects the expected entropy balance between the normal state and the superconducting state at the superconducting phase transition, one finds the critical temperature T c = 4.41 K, which is almost identical to those determined from the magnetic and resistivity data. The so-determined specific heat jump at T c is about ∆C = 124mJ/(molK).
In an external magnetic field of 60 kOe, the superconductivity in ThIr 3 is entirely suppressed (see Figure 3(c) ), and thus the experimental data shown in Figure 5 
where µ* is the repulsive screened Coulomb part, usually set to µ* = 0.13 for intermetallic superconductors [30, 31] . In the case of ThIr 3 , one obtains λ e-p = 0.74 indicating a moderately coupled superconductor. By subtracting γ imp from the Sommerfeld coefficient γ obtained in the normal state (see above) one can determine the intrinsic electronic specific heat coefficient in ThIr 3 to be γ = 17.6 mJ/(molK 2 ). Using this value and the afore-derived specific heat jump at T c , another important superconducting parameter can be calculated namely the ratio ∆C/γT c = 1.6. The obtained value is larger than the expected value of 1.43 for a weakly coupled BCS superconductor, thus supporting the finding from the McMillan approach (see above). All the superconducting and normal state parameters of ThIr 3 are gathered in Table 2 .
Electronic band structure
The density of states (DOS) in ThIr 3 calculated without and with inclusion of the spin-orbit coupling is presented in Figure 6 . In each case, the main contribution to DOS comes from Ir atoms, although Th atoms contribution is also significant, especially above the Fermi level.
The overall shape of DOS is not strongly affected by SOC, however some important differences are seen near the Fermi level. As shown in details in Figure 7 , N(E F ) computed with SOC is considerably larger than that without SOC (3.46 eV -1 /f.u. and 2.45 eV -1 /f.u., respectively). The small peak, which appears in DOS in the full-relativistic calculations, originates from 5f states of the Th(3a) atoms, as can be inferred from Figure 8 , where partial DOS, decomposed over atomic orbitals, is plotted for each Th and Ir state (the partial densities at the Fermi level are listed in Table 3 ). As expected, the main contributions to the overall atomic densities come from Ir-5d states and Th-6d states, while Th-5f states contribute to the large DOS peak above E F . The largest contribution to N(E F ) comes from the Ir(6c) and Th(3a) atoms, which form together a layer in the crystal structure of ThIr 3 (see the inset to Figure 1 and the discussion in Chapter 3.1).This effect is related to the spin-orbit interaction, as SOC significantly increases DOS values for both types of atoms.
In Table 3 , one can find the electric charges derived by integrating partial DOS up to E F . Iridium, with valence electron configuration 5d 7 6s 2 , and thorium, with valence configuration 6d 2 7s 2 , are expected to contribute nine and four electrons to the main valence band, respectively. For both elements, chemical bonding and hybridization effect may cause charge transfer from s to d states, and charge transfer from Ir atoms to Th atoms. Some electric charge is also transferred to Th-5f orbitals, which are basically empty in elemental Th, yet are well known to exhibit much aptitude to hybridize with s and d states [32] . Depending on the experimental or computational technique, filling of the 5f orbital in crystalline Th atom was reported in the literature to span between 0.5 and 1.3 [29] . In the case of ThIr 3 , the 5f orbital filling was estimated to be about 0.8 per atom. However, these states are of itinerant nature, with equal spin-up and spin-down occupation, hence no magnetic moment, associated with 5f electrons, is observed, in agreement with the experimental findings. Figure 8 shows valence charge density plots, where charge transfers are clearly visible. comes from metallic layers of Ir(18h). It is worth noting that similar FS topology was found before in a sister compound CeIr 3 [7] .
From the afore-quoted value of DOS at the Fermi level, N(E F ) = 3.46 eV -1 /f.u., one can calculate the Sommerfeld coefficient to be γ calc = 8.155 mJ/(molK 2 ). This value is distinctly smaller than the experimental one (γ = 17.6 mJ/(molK 2 )), and the renormalization factor λ = γ/γ calc − 1 = 1.16 is notably larger than the electron-phonon coupling parameter λ e-p = 0.74 calculated from the McMillan equation (see above) . However, if one assumes, that the electronic heat capacity is renormalized by the electron-phonon interaction only, λ = 1.16
would imply the superconducting critical temperature T c,0 = 10.6 K, which is much higher than the experimental one. Such discrepancy can be possibly attributed to substantial electronelectron interactions, identified in the low-temperature electrical resistivity data of ThIr 3 as the Fermi liquid behavior with renormalized A coefficient (see above). In line with this hypothesis, similar discrepancy is observed for the magnetic susceptibility values. The computed value of the Pauli paramagnetic susceptibility is χ P = 11 10 -5 emu/mol, thus it is almost four times smaller than the experimental susceptibility χ = 40 10 -5 emu/mol. As the experimental susceptibility additionally contains negative diamagnetic contributions, the enhancement of the paramagnetic susceptibility is even larger, validating the picture of important electronic interactions in ThIr 3 .
To try to quantify this effect, we may follow the route proposed for many d-band superconductors, like Vanadium and its alloys [34] [35] [36] [37] [38] , Mo 3 Sb 7 [39] , La 3 Co [40] or Y 3 Rh [41] . Assuming that the electronic correlations take mostly the form of spin fluctuations (electron-paramagnon interactions), characterized by the coupling constant λ sf , one can compute the superconducting critical temperature from the modified McMillan's formula [39, 42] : 
where represents the effective coupling parameter and is the effective Coulomb repulsion constant [39] . Assuming the presence of weak electronparamagnon interactions with postulated λ sf = 0.10, the electron-phonon coupling parameter and the Coulomb repulsion parameter become renormalized to 0.96 and 0.21, yielding T c,eff = 4.5 K that is close to the experimental value. Also the renormalized Sommerfeld coefficient 1 is now in a good agreement with the experimental value (see Table 4 ).
Conclusions
The compound ThIr 3 crystallizes with a centrosymmetric rhombohedral unit cell of the Superconducting and normal state parameters of ThIr 3 , CeIr 3 [7] and LaIr 3 [5] . Table 3 Orbital filling in ThIr 3 calculated as an integral of DOS over energy, using DOS from scalarrelativistic and full-relativistic calculations. Partial DOS at the Fermi level contributed by each atom is also given (in eV -1 
Table 4
Analysis of the electron-phonon interaction and the superconducting critical temperature of ThIr 3 assuming the presence of effective depairing electron-paramagnon interactions. T c,0 is the critical temperature calculated assuming renormalization due to electron-phonon interaction, and T c,eff is the effective critical temperature computed with addition of spin fluctuations effect.
For the meaning of all the other symbols see the main text. 
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